that this RNA enzyme, like protein enzymes, can utilize binding interactions to achieve substantial catalysis via entropic fixation and substrate destabilization. The stronger binding of the all-ribose oligonucleotide product compared to an analog with a terminal 3' deoxyribose residue gives an effective concentration of 2200 M for the 3' hydroxyl group, a value approaching those obtained with protein enzymes and suggesting the presence of a structurally well defined active site capable of precise positioning. The stabilization from tertiary binding interactions is 40-fold less for the oligonucleotide substrate than the oligonucleotide product, despite the presence of the reactive phosphoryl group in the substrate. This destabilization is accounted for by a model in which tertiary interactions away from the site of bond cleavage position the electron-deficient 3' bridging phosphoryl oxygen of the oligonucleotide substrate next to an electropositive Mg ion. As the phosphodiester bond breaks and this 3' oxygen atom develops a negative charge in the transition state, the weak interaction of the substrate with Mg2+ becomes strong. These strategies of "substrate destabilization" and "transition state stabilization" provide estimated rate enhancements of -280-and -60-fold, respectively. Analogous substrate destabilization by a metal ion or hydrogen bond donor may be used more generally by RNA and protein enzymes catalyzing reactions of phosphate esters.
Since the discovery of catalytic RNA, the definition of an enzyme has been modified to include RNA enzymes or ribozymes (1-3). The ribozyme derived from the Tetrahymena self-splicing group I intron catalyzes a reaction analogous to the first step of splicing (Eq. 1). This ribozyme provides a rate enhancement of 101l-fold over the uncatalyzed reaction, comparable to that observed for many protein enzymes (4). -E -E Catalysis requires selective stabilization of a reaction's transition state without equivalent stabilization of the ground state. If the ground state and transition state were stabilized to the same extent by an enzyme, then the energetic barrier for reaction would remain unaltered and there would be no catalysis. A comprehensive analysis by Jencks (5) has indicated that protein enzymes use binding interactions with groups on The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. $1734 solely to indicate this fact. the substrate not directly involved in the chemical transformation to achieve selective transition state stabilization.
Binding interactions between enzymes and their substrates can be used to precisely position substrates, thereby preferentially stabilizing the transition state by decreasing the entropic barrier for reaction (5). On one level, the Tetrahymena ribozyme is similar to protein enzymes as they both have specific binding sites for substrates. These binding sites use basepairing and tertiary interactions to hold the oligonucleotide substrate and guanosine in place (6-13). However, the actual catalytic contribution of the binding interactions in an RNA enzyme depends on how precisely the substrates are fixed relative to one another. The results presented here suggest that the Tetrahymena ribozyme can use tertiary interactions to achieve significant entropic fixation of substrates, approaching that obtained by protein enzymes.
Protein enzymes can also achieve selective transition state stabilization by the strategy of "substrate destabilization." In this strategy, the enzyme uses binding interactions to juxtapose substrate and enzymic functional groups that would not otherwise interact in the ground state but that do interact strongly in the transition state (5). This strategy is now extended to an RNA enzyme. In addition, the specific mechanism for substrate destabilization suggested here for the Tetrahymena ribozyme may be used more generally by RNA and protein enzymes catalyzing cleavage of phosphate and carbon esters.
MATERIALS AND METHODS
Materials. L-21 Sca I ribozyme (E) was prepared by in vitro transcription as described (14). Oligonucleotides were prepared by solid-phase synthesis (15). For CCCUC 3'-dU (pH), 3'-deoxyuridine (Sigma) was 5'-0-dimethoxytritylated and 2'-0-succinylated according to standard procedures and coupled to activated LCAA-CPG (acid pretreated) by a watersoluble carbodiimide (16). CCCUCUpMe (Shle) was synthesized by using a methyl phosphoramidite (17) and deprotected under mild conditions (3:1, NH40H/EtOH, 20°C, 8 h).
Kinetic Measurements. All reactions were single turnover, with E in excess of 5'-end-labeled oligonucleotide at 50°C in 50 mM NaMes (pH 6.6) and 10 mM MgC12 as described (4, 10, 18). K r Values. KF (Fig. 1 ) was obtained for SA and SMe from the ratio k,,/k,ff, where kOff is the rate constant for dissociation of SA or SMe from E (obtained from pulse-chase experiments) and k,, is the rate constant for association of SA or Shle with E [obtained from (k,,t/Km)S] (4,18). The ratio k,,/k,ff equals K f because the open complex ( Fig. 1) does not accumulate under these reaction conditions. KF values for POH and PH were obtained from the dependence of the rate of miscleavage on E concentration (13, 19) . The standard L-21 Sca I ribozyme (14) begins with the internal guide sequence (IGS) and has a Abbreviations: IGS, internal guide sequence of ribozyme; IGS', oligonucleotide (GGAGGGA) having the same sequence as the ribozyme's IGS; LFER, linear free energy relationship. triphosphate group attached to the G residue at the 5' end of the IGS. KF values were the same, whether E had a 5' OH or a 5' triphosphate, ruling out possible complications from the triphosphate.
KiGS Values. Substrate inhibition was used to measure the stabilities of model P1 duplexes, where an oligonucleotide strand having the IGS sequence GGAGGGA (IGS') or GGAGGG was used as an inhibitor of the ribozyme reaction (Eq. 2). Controls showing that the inhibition constant Ki represents the equilibrium constant KiGS' are described elsewhere (ref. 13; unpublished data).
K',
The duplex stability for POH was obtained analogously by following the reverse reaction in Eq. 2. The duplex stability of PH was measured by following inhibition of its miscleavage.
A Linear Free Energy Relationship (LFER) Between MgZ+ Affinity and Effective Charge on an Oxygen Atom in Related
Compounds. Bronsted LFERs are plots of the logarithm of a rate or equilibrium constant against pKa values for a series of related compounds (XRO-H, with different X substituents). The slopes, referred to as / 3 values, provide a measure of the change in effective charge in going from a ground state to a , , ,
Plea,i,, PI$;
XRO-H = R'OH + or Proc. Natl. Acad. Sci. USA 92 (1995) of Mg2+ 
RESULTS AND DISCUSSION
We were initially intrigued by the paradoxical result that the oligonucleotide substrate SA5 binds -2-fold weaker to the ribozyme than the oligonucleotide product PO^ (Scheme I) The deprotonation equilibrium is used as a standard such that the oxygen atom is defined as having effective charges of -1 and 0 in RO-and ROH, respectively. To construct the LFER, the relative Mg2+ affinities of ROH and RO-were first estimated. The pKa of ~~(~2 0 ) : ' is 11.5 (23). A statistical correction for the 12 ionizable protons gives a pKk of 12.6. An analogous correction for the 2 ionizable protons of free water gives a pK6 of 16.1. Mg2+ thus lowers the pKa of water by 3.5 units (= 16.1 -12.6). It is assumed that Mg2+ lowers the pKa of an alcohol (RO-H), such as the 3' hydroxyl of PoH, by the same amount.** Therefore, the affinity **That HOH and ROH and their respective anions behave similarly with respect to Mg2+ affinity is suggested by the following: (i) The interaction of HOH and ROH and their respective anions with Mg2+ is predominantly electrostatic and the same change in charge of 1 from loss of a proton is obtained for both. (ii) Water and simple alcohols have similar pK, values, -16 (24) indicating that the longer A tail of SA5 was not responsible for the destabilizing effect (KF; Table 1 ). The oligonucleotide substrate and product bind to the ribozyme in two steps ( Fig. 1) (19, 20) . Since the first step involves P1 duplex formation with the IGS of E (Fig. I) , the 3' dangling A residue of SA (Eq. 1) was expected to strengthen binding rather than weaken it as observed, because 3' overhanging residues contribute to RNA. RNA duplex stability (30) . To further investigate the magnitude and origin o f the observed destabilization, the energetic effects in the individual binding steps were separated.
Substrate inhibition was used to determine the stabilities o f model P1 duplexes (see Materials and Methods) . Several comparisons have strongly suggested that model duplexes with IGS' have the same stability as the open complex on the ribozyme (Fig. 1) (refs. 13 and 20; unpublished data) . Therefore, the stability o f model P1 duplexes can be used as a measure o f the stability o f the open complex. The substrate S A forms a 5-fold stronger P1 duplex than POH but binds 8-fold weaker overall (Table 1) . The P1 duplex stability and the overall binding affinity give the tertiary stabilization on the ribozyme (Fig. 1) . Tertiary interactions stabilize SA 40-fold less than POH (Table 1 ). The destabilizing effect on the tertiary interactions is therefore larger than the observed overall difference in binding. An analogous result with a shortened substrate and product was recently reported (31).
A possible explanation for the observed destabilization o f S A was that the 3' terminal A o f SA makes an unfavorable ground state interaction with the ribozyme, perhaps resulting in unstacking o f this residue (4, 31, 32) . To test this possibility, the tertiary binding energy o f SMe (Scheme I ) , which lacks the 3' terminal A, was measured. SMe binds -3-fold weaker to the ribozyme than S A and also binds correspondingly weaker in the model P1 duplex (Table 1) 
. Thus, the tertiary stabilization o f SMeis similar to that o f SA (Table I ) , indicating that the weaker tertiary interactions o f S A were not due to unfavorable interactions with the 3' terminal A. Furthermore, the rate o f chemical cleavage for S M , is only -3-fold slower than that for SA, indicating that the 3' terminal A does not contribute significantly to transition state stabilization (unpublished results). Thus, the A residue does not contribute significantly to catalysis or to destabilization of SA and the origin of the observed destabilization is localized to the reactive phosphoryl group.
In S M~, the reactive phosphoryl group is attached to the bridging oxygen, while in PoH, a hydrogen atom is attached to this bridging oxygen (Scheme I). To investigate the role o f this oxygen atom in the observed destabilization, the 3' oxygen was removed altogether (pH; Scheme I). PH binds 30-fold weaker to the ribozyme than POH and forms a 1.4-fold weaker model P1 duplex than POH (Table 1) 
. Thus, tertiary interactions stabilize PH 40-fold less than POH, indicating that the 3' OH o f POH makes a strong interaction with the ribozyme.
Previous work has provided strong evidence for a direct interaction between an active site Mg2+ and the 3' bridging oxygen o f the reactive phosphoryl group in the transition state (33). Since the 3' bridging oxygen atom develops a partial negative charge in the transition state as the phosphodiester bond breaks, this Mg2+ is expected to contribute to transition state stabilization (33, 34) . The relative tertiary stabilities described here can all be explained by a model involving an interaction with this Mg ion, as presented below.
An interaction between the 3' OH o f POH and the Mg2+ explains the greater tertiary stabilization o f POH relative to pH.
In the absence o f additional interactions with PoH, water would outcompete the 3' OH o f POH for this Mg2+ since there is much more water present (55 M) and since the electrostatic properties of an oxygen o f an alcohol and water are similar.?? However, the 40-fold stronger binding o f POH relative to PH indicates a 40-fold preference o f the Mg2+ for interacting with the 3' OH than with 55 M water when PH is bound. Thus, the 3' OH has an effective concentration o f 40 X 55 M = 2200 M relative to AS the pK, of a nucleoside 3' OH is somewhat lower than that for water or a simple alcohol such as ethanol (pK, = 13 vs. 16), water is expected to have a small electrostatic advantage for interacting with Mg2+. See also **. Proc. Natl. Acad. Sci. USA 92 (1995) ran sit ion These tertiary interactions also position the electron-deficient bridging phosphoryl oxygen of the substrate next to the catalytic Mg2+, inducing an electrostatic interaction not favored in solution. This "substrate destabilization" is indicated by small dots. In the transition state, the bridging oxygen develops a partial negative charge and interacts strongly with the Mg2+, as indicated by large dots. The ribozyme is represented schematically by the thin outline. The ribozyme also presumably uses the intrinsic rigidity of an RNA.RNA duplex in positioning of the P1 duplex in the active site.
the OH o f water (5). This value approaches the values o f lo4-lo5 M observed with protein enzymes (35) (36) (37) .
The high effective concentration presumably reflects a combination o f two phenomena: (i) tertiary interactions position the 3' OH in the active site, thereby lowering the entropic barrier for binding to the active site Mg2+ relative to the entropic barrier for binding o f a water molecule from solution (Eqs. 3a and 3b) , and (ii) the ribozyme positions the 3' hydrogen o f PH SO that it interferes with the ability o f water from solution to solvate the active site Mg2+ (Eq. 3c).99 Both require precise positioning in a structurally well-defined site because a floppy active site would not allow a high effective concentration via entropic fixation or interference with solvation.
The destabilization o f SA relative to POH is also predicted from an interaction with this active site Mg2+ because the phosphorylated 3' oxygen o f SA is electron deficient relative to the protonated 3' oxygen o f PO^, as suggested by the following data with model phosphate compounds: LFERs for equilibrium constants o f model phosphodiesters indicate that the bridging phosphoryl oxygen behaves as though it has a positive charge o f +0.7 relative to a protonated oxygen (26). P-0 bonds are very stable and have bond lengths that are 10-20% shorter than those calculated for single a bonds. The extra stability and shorter bond lengths have been proposed to arise due to donation o f electrons from oxygen-to phosphorus in a p. rr-dv back-bond (38, 39) , which would lead to a reduction in the charge density on the oxygen.
Thus, in solution, a positively charged Mg2+ would be predicted to interact preferentially with an oxygen from water S s~h e relative affinity of POH and PH for the ribozyme is the same in 3-50 mM MgC12, suggesting that the Mg2+ adjacent to the 3' oxygen remains bound even when the 3' OH in POH is replaced by a 3' H in PH. The possibility exists that the 3' 0 interacts with the Mg2+ in the transition state but not in the POH ground state, although there are no data that support this more complex alternative model.
(or an alcohol such as the 3' OH of PoH)** rather than with an electron-deficient phosphorylated oxygen if both were present in equal concentrations. However, on the ribozyme, we propose that the electron-deficient phosphorylated oxygen of SA is positioned adjacent to the Mg2+ by favorable tertiary interactions with the PI duplex away from the site of bond cleavage (7-13). This results in a Mg2+ .(R)O-P interaction that is not favored in solution (Fig. 2) . In other words, the tertiary interactions provide an entropic advantage to the 3' bridging oxygen of SA over water in solution. This overcomes the electrostatic advantage of the oxygen of water relative to the 3' bridging oxygen for interacting with the Mg2+.
In contrast to this destabilizing ground state interaction between the bridging phosphoryl oxygen atom of SA and the active site Mg2+, the interaction in the transition state is expected to be stabilizing because the partial negative charge on the bridge oxygen in the transition state results in a stronger electrostatic interaction relative to water (Fig. 2) (33, 34) . The ribozyme-bound Mg2+ thus plays a catalytic role both by destabilizing the ground state (E.SA) and by stabilizing the transition state, relative to interaction of Mg2+ with water.
Physical organic data, which provide a rough quantitative estimate of the catalysis resulting from substrate destabilization and transition state stabilization, suggest a substantial contribution from both. Fig. 3A shows a correlation of Mg2+ affinity with the effective charges on oxygen. This correlation suggests that Mg2+ binds -16,000-fold tighter to the transition state for phosphodiester hydrolysis, [ R O s . . . PI*, compared to the ground state, RO-P.77 Of the total rate enhancement of -16,000-fold, -280-fold is estimated to arise from ground state destabilization relative to POH (RO-H) (AGdestabilization) and -60-fold from transition state stabilization relative to PO^ (AGstabilization).
The substrate destabilization and transition state stabilization estimated above are depicted in the free energy reaction profile of Fig. 3B . Because free energies can be measured only relative to one another, a standard for comparison must be adopted in order to assign interactions as stabilizing or destabilizing. The energies in Fig. 3B are shown relative to POH because this species is expected to behave similar to water in its electrostatic interactions with Mg2+.** Thus, the destabilization of SA and the stabilization of the transition state in Fig.  3B represent the electrostatic effects relative to those with solvent. This seems to be an appropriate comparison as an enzyme is faced with the task of catalyzing a reaction relative to that in aqueous solution. If there were no positioning interactions, the bridging oxygen atom would not interact with the Mg2+ in the ground state and the maximum amount of electrostatic catalysis possible would be 60-fold, representing the stronger electrostatic interaction of Mg2+ with the transition state than with water (AGstabiliZation; Fig. 3A) . Forcing a ground state interaction by fixing the bridging oxygen atom next to the Mg2+ would introduce substrate destabilization and increase the amount of catalysis from 60-to 1.6 X lo4-fold.
CCCmUCUA ( m u = 2'-methoxy, 2'-deoxyU), which is not stabilized by tertiary interactions in the ground state, is cleaved -50-fold slower than SA, suggesting that tertiary interactions, which are proposed to position thesubstrate in the active site and induce substrate destabilization, do indeed contribute to lowering the barrier for the chemical step (refs. 10 and 13; unpublished data) .
It is striking that the -280-fold weaker affinity of Mg2+ for RO-P than RO-H is within reasonable agreement with the 7 n~h e correlation in Fig. 3A is based The free energy reaction profiles are shown relative to POHfor reasons described in the text. In the absence of Mg2+, it is assumed that the tertiary interactions stabilizing SA and POH are the same and therefore E.SA + G and E~PoH + GA are shown to be energetically equivalent. For clarity, the energetic barrier between E.SA + G and the transition state is not drawn to scale. 40-fold weaker tertiary stabilization of SA than POH on the rib0z~me.1 1 This result and the observation that the rates of the chemical step for CCCUCUpA analogs with different 2' substituents on the U at the cleavage site have a dependence on the pKa values of the leaving group similar to that observed for model phosphodiesters in solution (34) suggest that physical organic data in solution may provide estimates that apply reasonably well to the reaction in the ribozyme's active site.
CONCLUSIONS AND FURTHER IMPLICATIONS
It was previously suggested that tertiary interactions are important for preventing loss of the 5' exon, which is analogous 11 l l~h e similar values may be surprising considering that other favorable interactions of the phosphoryl group with E and environmental differences may mask the full destabilizing effect of placing a phosphorylated oxygen next to a Mg2+ (however, see text) (28, 29) . If the interaction between the 3' oxygen and Mg2+ were absent in the E.S~ground state, the actual destabilization from a Mg2+. ..(R)O-P interaction could be greater than the observed 40-fold. In this case, the destabilization mechanism could still operate, but with tertiary interactions insufficient to enforce the destabilizing Mg2+ . . . 
